The full-field optical measurement of guided acoustic waves presents important advantages derived from the capability to map the acoustic field in a two dimensional region, so that acoustic information over a large area can be retrieved with each measurement. In this work, we introduce an extension of the well-established two dimensional spatio-temporal Fourier transform method to calculate the frequency spectrum of guided acoustic waves. For this, we take advantage of the unique capability of a self-developed double-pulsed television holography system to acquire the acoustic displacement field in two spatial dimensions and time. Then, the spatio-temporal Fourier transform method is expanded to three dimensions according to the nature of the experimental data, so that the frequency spectrum of the waves propagating in an arbitrary direction can be calculated. The method is tested experimentally by generating narrowband Lamb waves in an aluminium plate with a piezoelectric transducer. The good agreement between the theoretical and experimental spectra in a broad zone anticipates the applicability of the method to characterize guided acoustic waves as a function of the propagation direction in materials or structures presenting anisotropic propagation behaviour. V C 2012 American Institute of Physics. [http://dx
I. INTRODUCTION
Guided acoustic waves are specific kinds of waves with applications in the inspection and characterization of materials and structures. Although compression and shear waves are the kind of ultrasonic waves most widely employed, guided acoustic waves present several important advantages to inspect and characterize beams, plate-like structures, rods, pipes, etc.
1 For example, the capability of these waves to propagate along large distances with low attenuation permits to perform the so-called long range inspection. 2 Lamb waves are a well-known kind of guided acoustic waves that exist in plates with parallel and stress-free boundaries. 3 The applications of Lamb waves can generally be classified into two main groups, namely those leading to the detection and characterization of flaws and those leading to the dimensional and elastic characterization of the propagating medium. In particular, for the second purpose, experimental data of a given property of Lamb waves are obtained as a function of mode and frequency. This property can be the phase velocity, 4,5 the group velocity, 5,6 the wavelength, 7, 8 or the wavenumber. In this last case, information of the frequency spectrum of the different propagating modes can be obtained in the form of discrete points, lines, or a bidimensional (2D) amplitude distribution in the frequency-wavenumber plane. The classical method to obtain a 2D distribution is based on the 2D Fourier transform (FT) of the spatio-temporal distribution of the stress or displacement caused by a Lamb wavetrain. It was first proposed by Alleyne and Cawley, 9 who used the classical wedge method to generate and to detect the wavetrains, recording the time history of the wave at equally spaced points.
Other authors have used the 2D FT method to characterize Lamb waves using different excitation and detection schemes. The aforementioned wedge method is reversible and can be employed both for the generation [10] [11] [12] [13] [14] [15] and detection 15 of the waves. Other reversible methods were also used to acquire the experimental data, such as air-coupled transducers 16, 17 and immersion transducers in a liquid-filled cell. 18, 19 In all these methods, the detection is performed by sensing a compression wave generated, according to the Snell's law, by the guided wave. For a given inclination of the transducer, guided waves with the corresponding phase velocity are preferably detected, so that the transducer acts as a filter and the recorded waveform does not faithfully reproduce the actual guided wavetrain. A different method for acquiring the experimental data is laser ultrasonics. The laser generation of guided waves is usually performed by focusing the beam from a pulsed laser at the plate surface, so that broadband waves are generated, whereas the detection of guided wavetrains is usually performed by optical means, typically pointwise interferometers. [20] [21] [22] [23] [24] The applicability of the 2D FT method is not limited to plates. In fact, several authors have reported the use of this method to calculate the frequency spectrum of guided waves in other structures, for example, cylinders 25, 26 or wedge tips. 27 This method is also used to process data of the propagation of guided wavetrains simulated with numerical methods, [28] [29] [30] [31] [32] so that the theoretical frequency spectrum can be estimated in structures where the characteristic equation is complicated to solve. Other methods based on timefrequency transformations (e.g., short-time FT, wavelets, etc) can also be employed to estimate the frequency spectrum of broadband guided acoustic waves. 33 In all the experimental set-ups described above, the acquisition procedure is the same as the one reported by Alleyne and Cawley, i.e., a time-domain signal is recorded for a set of generation or detection points, which are selected with a scanning system. When using the discrete FT, the frequency range is determined by the sampling interval. The small spot size of focused laser beams allows to explore high spatial frequency zones of the spectrum if a short sampling interval is selected. This can be done both when scanning the generation [20] [21] [22] or the detection systems, 12, 14 so that with this technology Lamb wavetrains with frequencies up to approximately 10 MHz were characterized. 20, 21, 27 Once selected the frequency range, i.e., the Nyquist frequency, then the frequency resolution is determined by the number of signal samples. For the temporal frequency, the resolution can be very fine since the number of samples of the time history at each point can be made very large. However, the resolution in the wavenumber is limited by the number of scanning steps, which is typically of the order of one hundred. In order to increase the resolution in the wavenumber, some authors pad with zeros in the space domain. 23, 34 The implementation of a scanning system may be cumbersome, specially when using contact transducers that need to be coupled to the plate with a liquid layer. Furthermore, the fact of changing the excitation or detection points may lead to the lack of repeatability of the experiment. An array of transducers can be employed for acquiring the experimental data. 35 In this way, non-repeatability inconsistencies are avoided at the expense of a larger sampling interval.
On the other hand, full-field optical techniques allow to measure the acoustic displacement field in a twodimensional region. [36] [37] [38] [39] [40] [41] [42] In this way, each full-field measurement covers a much larger area than a time-domain signal retrieved with a pointwise detection method, which is only affected by the propagation of the guided wave between the excitation and measuring points. Thereby, full-field optical techniques can potentially be used to characterize the propagation of guided acoustic waves in an arbitrary direction. In this work, we take advantage of the unique capability of a self-developed double-pulsed television holography (TVH) system to record the instantaneous acoustic displacement field caused by guided waves in plates. The displacement as a function of two spatial dimensions and time is measured by acquiring a sequence of maps under repeatability conditions corresponding to successive instants of the wave propagation. Then, we present an extension of the classical 2D FT method to calculate the frequency spectrum of the waves, which is based on the three-dimensional (3D) spatiotemporal FT of the experimental data. We have shown in a previous work that the application of the 3D FT significantly improves the signal-to-noise ratio (SNR) in the measurement of the wavenumber of quasi-monochromatic Lamb waves with respect to the 2D FT approach. 43 Herein, we analyse the capability of the 3D FT method to calculate a large region of the frequency spectrum of guided acoustic waves propagating in an arbitrary direction, an interesting feature for characterizing the waves in materials or structures presenting anisotropic propagation behaviour. The method is tested in two aluminium plates in which narrowband Lamb wavetrains are generated by means of a piezoelectric transducer pressed against the plate edge. Although in our case narrowband waves must be used to achieve a reasonable SNR, a broader zone of the spectrum can be measured without changing the piezoelectric position by recording sequences of maps corresponding to several wavetrains with different central frequencies, so that a wide zone of the spectrum is obtained by stitching the branches corresponding to each wavetrain. The agreement between the experimental frequency spectra and the theoretical ones is very good, which indicates the capability of the method to retrieve a large amount of information provided broadband acoustic waves with a reasonable SNR can be generated.
II. BACKGROUND
For the sake of completeness, we briefly review in this section the well-known characteristic equations of Lamb waves in isotropic media and the well-established implementation of the 2D FT method with the discrete FT. Thereby, the notation used in the following sections is also introduced.
A. Frequency spectrum of Lamb waves
For an isotropic and homogeneous plate, the relation between the circular frequency x (or the frequency f ¼ x=2p) and the wavenumber k 1 of a particular Lamb mode is established in the so-called Rayleigh-Lamb equation, which in adimensional form is given by
(1)
The positive and negative exponents in Eq.
(1) stand for the symmetric and antisymmetric modes, respectively. This classification of Lamb modes into two families is due to the type of symmetry of the displacement field with respect to the mean plane of the plate. The adimensional parameters of Eq. (1) are the normalized frequency c ¼ 2hx=pc L , the normalized wavenumber n ¼ 2hk 1 =p, and the velocity ratio v ¼ c L =c T , being 2h the plate thickness and c L and c T the phase velocities of the compression and shear waves in the plate material.
The solutions ðk 1 ; xÞ of Eq.
(1) stand in a set of curves that correspond to the possible Lamb modes in the plate. The frequency spectrum of a band-limited wavetrain consists of a set of segments of the aforementioned curves inside the frequency band of the wavetrain. The frequency spectrum for real values of the wavenumber, namely the branches of the curves corresponding to the propagating modes, is represented in Fig. 1 for the first 10 symmetric and antisymmetric Lamb modes. These curves were calculated considering that c L ¼ 6330 m=s and c T ¼ 3117 m=s, i.e., typical values of these wave velocities in aluminium.
B. The 2D spatio-temporal Fourier transform method
The experimental measurement of the frequency spectrum by means of the 2D spatio-temporal FT of the experimental data was first proposed by Alleyne and Cawley 9 and, as stated in the introduction, many authors use this method to characterize guided acoustic waves. The starting point of the method is the experimental recording of a stress or displacement field at the plate surface for a set of N equally delayed instants and P equally spaced points along the propagating direction x 1 . In order to explain the method, we consider that the experimental magnitude is the out-ofplane displacement field at the plate surface u 3 ðx 1 ; tÞ, being x 1 the direction of propagation of the wave and t the time. The experimental data can be expressed as
with p ¼ 0; …; P À 1 and n ¼ 0; …; N À 1. Dt and Dx 1 are the sampling intervals in time and along the actual plate coordinate x 1 , respectively. The method is based on the calculation of the 2D discrete FT of the experimental set of data, which is given by
Then, the experimental frequency spectrum is obtained as a representation of the values of mod½ũ 3 ðf p 0 ; f n 0 Þ. The discrete spatial frequency along the direction of propagation f p 0 and the discrete temporal frequency f n 0 are given by
The value ofũ 3 ðf p 0 ; f n 0 Þ is calculated for a set of P Â N points. p 0 and n 0 are integers given by
where the two extreme values of p 0 and n 0 correspond Nyquist or critical frequency range. The values ofũ 3 ðf p 0 ; f n 0 Þ for these extreme values are not independent (in fact they are equal), but all others are. The resolution of the frequency spectrum, i.e., the difference between two consecutive temporal and spatial frequencies is given by
III. MATERIALS AND METHODS
A. Measurement of the acoustic displacement field
Our group has developed in the last decade a doublepulsed TVH system with the capability to measure guided acoustic waves in plates with amplitudes of a few nanometers. TV holography, also termed electronic speckle pattern interferometry, is a full-field interferometric technique based on the electronic recording of correlograms, which are formed by superimposing a reference beam to the object beam backscattered by the part to be measured. 45 In our case, the variable part of the object optical phase difference / o ðx; tÞ, i.e., the component of the optical phase depending on the change in the position of the object points, is proportional to the instantaneous out-of-plane displacement field u 3 ðx; tÞ at the plate surface as follows 46 / o ðx; tÞ ¼ À 4p k u 3 ðx; tÞ;
where k is the wavelength of the illumination laser and x ¼ ðx 1 ; x 2 Þ is the position at the plate surface. In our system, pulsed illumination is used. Each correlogram encodes the information of the surface displacement field at the instant in which the surface is illuminated as the duration of the pulse is much smaller than the period of the acoustic wave. Two correlograms are recorded corresponding to two laser pulses delayed a short time, and a processing procedure based on the spatial FT method (SFTM) 47 is applied in order to obtain the optical phase-change DUðx; t r ; tÞ between the recording instants, which is related to / o ðx; tÞ as DUðx; t r ; tÞ ¼ / o ðx; tÞ À / o ðx; t r Þ;
where t r and t are the instants of emission of the first and second laser pulses, respectively. Two synchronization set-ups can be employed. In the first one, which we call the static-reference set-up, the first pulse is emitted with the plate at rest and the second one with the wavetrain in the field of view. Taking into account Eqs. (10) and (11), the optical phase-change is given by 
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The second set-up, which we call the dynamic-reference setup, consists in emitting both pulses with the wavetrain in the field of view and an interval between pulses of n T halfperiods of the acoustic wave, where n T is an odd number. This set-up is more appropriate for measuring quasimonochromatic waves, in which the acoustic frequency f 0 is well-defined. Again taking into account Eqs. (10) and (11), the optical phase-change is given by
For narrowband wavetrains, the maps obtained with the static-reference set-up faithfully represent the instantaneous shape of the plate surface, whereas the resulting SNR is higher with the dynamic-reference set-up. For a set of maps obtained with increasing t and for a given point x 0 , the temporal FT of DUðx 0 ; tÞ is given by
where Eqs. (14) and (15) correspond to the static-reference and the dynamic-reference set-ups, respectively.ũ 3 ðx 0 ; f Þ is the temporal Fourier transform of u 3 ðx 0 ; tÞ. In the case that the wavetrain has a relatively broad bandwidth, f 0 is taken as its central acoustic frequency. Therefore, the shape of DŨðx 0 ; f Þ differs from the shape ofũ 3 ðx 0 ; f Þ in a factor ½1 À expðÀipn T f =f 0 Þ when using the dynamic-reference set-up. However, the modulus of this factor is higher than 1 when
Therefore, for a bandwidth lower than 4f 0 =3n T , although the shape of DŨðx 0 ; f Þ calculated with the dynamicreference set-up is not equal to the shape ofũ 3 ðx 0 ; f Þ, its modulus is higher than the corresponding DŨðx 0 ; f Þ calculated with the static-reference set-up. Taking into account that the detection system works in near saturation, shot-noise limited regime, 48 the average noise level in each correlogram is the same in both set-ups and a higher SNR in the spectrum is obtained with the dynamic-reference set-up. The constant 4f 0 =3n T is higher with low values of n T so that it is preferable to use the lowest possible odd number.
B. The 3D spatio-temporal Fourier transform method
The excitation pulser of our system is synchronized with the laser pulses in such a way that the delay between the beginning of the excitation burst and the instant of emission of the pulses can be accurately controlled. Then, if the acquisition is repeated with a different delay between excitation and detection, a map corresponding to the same wavetrain at a different instant is obtained, provided repeatability conditions apply.
The hypothesis of repeatability conditions is fulfilled in our case as we do not change the excitation or detection systems during the whole experiment.
Therefore, a set of 2D maps corresponding to successive instants t of the wavetrain propagation are obtained (see Eqs. (12) and (13)), so that the experimental data consist of a 3D array of the optical phase-change DU as a function of two spatial dimensions ðx 1 ; x 2 Þ and time t, which is proportional to the instantaneous out-of-plane displacement field, i.e., the actual set of experimental data can be expressed as u 3 ðx 1p ; x 2q ; t n Þ ¼ u 3 ðx 10 þ pDx 1 ; x 20 þ qDx 2 ; t 0 þ nDtÞ;
with p ¼ 0; …; P À 1, q ¼ 0; …; Q À 1, and n ¼ 0; …; N À 1. Dt, Dx 1 , and Dx 2 are the sampling intervals in time and space along the horizontal and vertical directions, respectively. Then, the 3D FT of this set of data is given by
The values of f p 0 and f n 0 are given by Eqs. (4) and (5), respectively, whilst the value of the vertical spatial frequency f q 0 is given by
The value ofũ 3 ðf p 0 ; f q 0 ; f n 0 Þ is calculated for P Â Q Â N points, where p 0 and n 0 are integers given by Eqs. (6) and (7), respectively, whereas q 0 is given by
Then, the resolution in the vertical spatial frequency is given by
Usually, the modulus of the projection of the 3D FT in the plane ðf p 0 ; f q 0 Þ has only significative values inside a region like that represented in Fig. 2 . The angle a represents the main direction of propagation of the wavetrain and b is related to the divergence of the beam (which produces geometric attenuation). For a quasi-plane wavetrain, the angle b is small and a 2D spatio-temporal spectrum is enough to describe the wave, taking the spatial frequencies f a in the direction corresponding to the angle a.
For simplicity, considering wavetrains propagating along the horizontal direction x 1 , the frequency spectrum is calculated as the modulus ofũ 3 ðf p 0 ; 0; f n 0 Þ, wherẽ
The 2D spectrum given by Eq. (22) is proportional to the average, calculated for all the horizontal rows of the map, of the 2D FT of Eq. (3), so that the SNR is improved with respect to a single 2D spectrum of a horizontal row.
If the wavetrain is not plane, the 3D FT contains information of the frequency spectrum of Lamb waves propagating in the directions contained in a6b=2. In particular, for a cylindrical wave (excited for example with a point source on the plate surface) the angle b is 360
, so we can obtain information about the frequency spectrum in an arbitrary direction. If the plate is isotropic, as in our case, the frequency spectrum is the same regardless of the propagation direction. The propagation of a narrowband wavetrain can be described in terms of the phase and group velocities, c p and c g , respectively, 5 in a way that the time T FW required for the propagation of the wavetrain along the whole field of view is of the order of
where D F is the size of the field of view in the propagation direction and D W the wavetrain length. No additional information is obtained if the acquisition time exceeds T FW , as the wavetrain would propagate outside the field of view. Also, once selected the acquisition time T S ¼ ðN À 1ÞDt, no additional information is obtained for a field of view larger than
as the wavetrain would not reach at any time a region of the field of view. Therefore, the size of the field of view and the number N of optical phase-change maps must be selected jointly.
In the case that higher resolution in the spectrum is needed, a solution consists in padding with zeros both in space and time, so that the spatial and temporal size of data are increased. However, we must take into account that the SNR is reduced. In our experiments, we did not consider this option.
The 3D FT of the experimental set of data was calculated by means of an implementation of the Cooley-Tukey fast Fourier transform (FFT) algorithm, 44 which requires that the input data are integer powers of two.
In the experiments, we considered the largest possible field of view achievable with our current system set-up. The size of the field of view was 224 Â 56 mm 2 (which corresponds to 1024 Â 256 pixel 2 ). The sampling interval was Dx 1 ¼ 224=1024 mm, which is much smaller than half the minimum wavelength, i.e., faraway from the Nyquist limit in space. In each experiment, a set of N ¼ 256 maps was acquired corresponding to successive instants of propagation delayed a quantity Dt small enough to satisfy the Nyquist criterion in time.
C. Bandwidth of the wavetrains
The number of cycles of the excitation burst is related to the spectral density amplitude and to the bandwidth of the corresponding frequency spectrum. As a matter of fact, when the number of pulses is higher, the SNR in the frequency spectrum increases but a narrower bandwidth is obtained.
In our experimental system, a narrowband source must be used in order to reach a SNR high enough to give useful information of the frequency spectrum. A key point to select the number of cycles to be used in the experiments is to establish a trade-off between the bandwidth and the SNR of the resulting spectrum. In spite of the former limitation, a broader zone of the frequency spectrum can be obtained without any changes in the measuring hardware by stitching the spectra recorded in different experiments using narrowband wavetrains with different central frequencies. These two issues are experimentally realized and discussed in the present work.
D. Test plates
The experiments were performed in two aluminium plates with nominal thicknesses 1 and 4 mm (alloy denominations EN AW 6082-T6 and EN AW 2017A-T4, respectively). The transversal dimensions of the plates are 500 Â 200 mm 2 , so that the wavetrains can travel a relatively large distance (and the measurements are completed) before being reflected at the plate edges.
The thickness and phase velocities of the compression and shear waves in the materials of the plates were measured in two previous works, resulting 2h ¼ 0:987 mm, c L ¼ 6283 m=s, and c T ¼ 3116 m=s for the first plate 43 and 2 h ¼ 4.013 mm, c L ¼ 6371 m=s, and c T ¼ 3107 m=s for the second plate. 8 The plates were supported so that the constraints at their surface were negligible; they simply rested on a horizontal board covered in velvet fabric.
E. Description of the experimental system
The Lamb wavetrains were excited by means of a piezoelectric transducer and detected with our double-pulsed TVH system. The layout of the experimental system is depicted in Fig. 3 .
A piezoelectric transducer with a central frequency of 1 MHz was used to excite narrowband multimode Lamb waves in the aluminium plates. As shown in Fig. 3 , it was directly coupled to an edge of the plate. Then, the waves were generated by exciting the piezoelectric with a tone-burst consisting of a few cycles with a given central frequency.
The Lamb wavetrains were measured with a selfdeveloped double-pulsed TVH system as described in Sec. III A, yielding the instantaneous out-of-plane acoustic displacement field at the plate surface. The core of the system is a frequency-doubled twin-cavity seeded Q-switched Nd:YAG laser, which was used as the illumination source to produce two correlograms that were recorded in separate frames of a CCD camera (PCO SensiCam Double Shutter).
As described in Sec. III A, two possible synchronizations set-ups can be used, yielding two respective optical phase-change maps given by Eqs. (12) and (13) . In the range of frequencies employed, the number of half-periods between laser pulses used was n T ¼ 3, limited by the minimum delay between exposures of the camera.
IV. RESULTS
A. Frequency spectrum corresponding to a single individual wavetrain A first experiment was performed in order to compare the branches of the frequency spectrum obtained with the two possible synchronization set-ups and with different number of cycles of the excitation burst. A set of wavetrains with a central frequency of 1.000 MHz were generated in the plate 0.987 mm thick. The excitation bursts that we used in these experiments consisted of 2, 3, 4, 5, 6, 8, and 10 cycles, respectively. The temporal sampling interval, i.e., the delay between two successive maps was Dt ¼ 250 ns. Each frequency spectrum is calculated by means of the 3D spatiotemporal FT method (Eq. (22)). The first and third columns of Fig. 4 show the frequency spectra obtained for the wavetrains consisting of 3, 5, and 8 cycles corresponding to the static-reference and dynamicreference set-ups, respectively. The respective maximum amplitude projections of the amplitude spectral density in the frequency axis are shown in the second and fourth columns of Fig. 4 . Such projections are calculated neglecting the 20 lowest values of the spatial frequency (where the noise is too high). No significant difference in the shape of the amplitude spectral density is detected when calculating the spectrum with any of the two synchronization set-ups.
The bandwidth of the wavetrains is estimated as the full width at half maximum (FWHM) in the second and fourth columns of Fig. 4 and is displayed in Table I .
We define the SNR as the ratio between the mean value of the signal and the root mean square of the noise, i.e., SNR ¼ fmod½ũ 3;signal ðf p 0 ; 0; f n 0 Þg mean fmod½ũ 3;noise ðf p 0 ; 0; f n 0 Þg rms :
A point in the spectra of Fig. 4 is considered signal when the amplitude spectral density is higher than 6 times the standard deviation of the noise in the region of interest (the 20 lowest values of the spatial frequency were neglected to perform the calculation due to the high level of noise in this region). The rest of the points of the region of interest are considered noise (we assume white noise). The value of the SNR obtained thereby is shown in Table I for the static-reference and dynamic-reference set-ups, respectively. As expected, the SNR increases with the number of pulses of the excitation burst and it is also higher in the dynamic reference setup than in the static reference set-up.
B. Frequency spectrum corresponding to a set of wavetrains
In a second experiment, a broader zone of the frequency spectrum is obtained by stitching the spectra calculated as described in Sec. III B (Eq. (22)) with different wavetrains having different central frequencies. The stitching corresponds to the sum of the moduli ofũ 3 ðf p 0 ; 0; f n 0 Þ (Eq. (22)) corresponding to each frequency, being f p 0 and f n 0 given by Eqs. (4) and (5), respectively. The dynamic-reference set-up was used to record wavetrains of 5 cycles in the two plates described in Sec. III D.
A good repeatability is obtained because no changes are made in the optomechanical hardware between recordings, only the central frequency of the piezoelectric driver output is changed. This central frequency can be selected from a set of values given by 20=ðA þ 1Þ MHz, being A an integer between 31 and 13, i.e., the frequencies range from 0.625 MHz to 1.429 MHz. The delay between two consecutive maps was set in all cases to Dt ¼ 200 ns. The result of the experiment is shown in Fig. 5 , where the theoretical curves for the parameters of the plates stated in Sec. III D are also displayed. As shown in the second column of Fig. 5 , the agreement between the experimental frequency spectrum and the theoretical curves is very good.
It is worth commenting that in the frequency spectra of Fig. 4 only a branch corresponding to the S0 Lamb mode is yielded, while in the frequency spectrum shown in the first row of Fig. 5 (which corresponds to the same plate) both the A0 and the S0 Lamb modes are detected. The experiments described in Secs. IV A and IV B were made in different conditions. The angle h shown in Fig. 3 was smaller in the experiment described in Sec. IV B, which benefits the generation of the A0 Lamb mode.
V. DISCUSSION AND CONCLUSIONS
A novel approach to a well-established method based on the two dimensional spatio-temporal Fourier transform to calculate the frequency spectrum of guided acoustic waves was introduced. While in the classical approach a set of single-point time-domain signals are recorded, in the present paper the experimental data were obtained from a sequence of maps of the instantaneous displacement field corresponding to successive instants of the propagation of the wavetrain. For this, we took advantage of the unique capability of a self-developed double-pulsed TV holography system to render a two dimensional map of the instantaneous out-ofplane displacement field at the surface of a plate. From the acquired experimental data, we proposed a method to calculate the frequency spectrum based on the three dimensional spatio-temporal Fourier transform. The method was analysed theoretically, and we established its potential applicability to calculate the frequency spectrum as a function of the propagating direction.
The proposed method was tested in two aluminium plates in which we generated narroband Lamb wavetrains by means of a piezoelectric transducer. We analysed the results obtained with the two possible synchronization set-ups of our TV holography system and we established that the socalled dynamic-reference set-up is more appropriate to perform the measurements. In our case, a broad zone of the frequency spectrum was calculated by stitching the branches of the frequency spectrum obtained with several wavetrains at different frequencies, since repeatability conditions apply because the experimental hardware is not changed or moved during the experiments. The agreement between the experimental frequency spectra and the theoretical curves was very good in the whole frequency range for the two plates used in the experiments. Then, the method can potentially be applied to calculate a broad zone of the frequency spectrum of guided acoustic waves in an arbitrary direction.
In conclusion, the application of the 3D Fourier transform to the data acquired with double-pulsed TV holography allows accurately determining a broad zone of the frequency spectrum of guided acoustic waves. The capability of the method to calculate the frequency spectrum in an arbitrary direction may have important applications in the characterization of anisotropic plates or other structures presenting anisotropic propagation behaviour. The generation of broadband acoustic waves with an amplitude large enough to guarantee an acceptable signal-to-noise ratio, which may be achieved by laser excitation, remains, however, a challenge to be addressed. 
